We have identified and cloned herculin, a fourth mouse muscle regulatory gene. Comparison of its DNA and deduced amino acid sequences with those of the three known myogenic genes (MyoD, myogenin, and Myf-5) reveals scattered short spans with similarity to one or more of these genes and a long span with strong similarity to all three. This long span includes a sequence motif that is also present in proteins of the myc, achaete-scute, and immunoglobulin enhancer-binding families. The herculin gene is physically linked to the Myf-5 gene on the chromosome; only 8.5 kilobases separate their translational start sites. A putative 27-kDa protein is encoded by three exons contained within a 1.7-kilobase fragment of the herculin gene. When expressed under the control of the simian virus 40 early promoter, transfected herculin renders murine NIH 3T3 and C3H/lOTY4 fibroblasts myogenic. In doing so, it also activates expression of myogenin, MyoD, and endogenous herculin in NIH 3T3 recipients. In adult mice, herculin is expressed in skeletal muscle but is absent from smooth muscle, cardiac muscle, and all nonmuscle tissues assayed. Direct comparison of the four known myogenic regulators in adult muscle showed that herculin is expressed at a significantly higher level than is any of the others. This quantitative dominance suggests an important role in the establishment or maintenance of adult skeletal muscle.
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sequence-specific DNA-binding proteins, and the shared protein motif is essential for binding (7) . MyoD, for example, binds to the mouse muscle creatine kinase enhancer in vitro (8) .
While all skeletal muscle is thought to develop by the progression outlined above, the types of differentiated cells produced are phenotypically diverse. For example, several subtypes of fast-and slow-contracting fibers exist in fetal and adult skeletal muscle, and this diversity is thought to be a product of developmental history and, in some instances, function (reviewed in ref. 9 ). These skeletal muscle types express partially overlapping but distinct sets of musclespecific gene products, implying the existence of a correspondingly diverse and subtle system of muscle gene regulation. This may be provided, at least in part, by different myogenic regulators of the MyoD type acting alone or in specific combinations. In this work we report the cloning and characterization* of herculin, a fourth member of the myogenic regulatory family. Among the presently known myogenic regulatory factors, it is the quantitatively dominant species in adult muscle, suggesting a major role in differentiation and/or maturation of adult skeletal muscle. Its capacity to activate expression of some other members of the family in cell culture experiments is shown, and implications of these results for regulatory pathways in vivo are discussed.
Cell lineage studies have led to a description of myogenesis as a stepwise developmental progression beginning with a multipotential mesodermal stem cell and ending in a terminally differentiated, multinucleated myotube. The first step in this process produces from a multipotential precursor cell a determined myoblast that still possesses the ability to proliferate but is now committed to the myogenic pathway. A second distinct step involves withdrawal of the myoblast from the cell cycle and activation of a battery of musclespecific genes, such as those encoding contractile proteins and metabolic enzymes that identify the cell as a myocyte. Subsequent maturation into functional skeletal muscle includes fusion to form multinucleated myotubes of several distinct types.
A crucial step in understanding the regulation of this developmental pathway was the cloning by Davis et al. (1) of MyoD cDNA, which upon transfection converts a variety of nonmyogenic cells into functional myoblasts (2) . Yet MyoD has turned out to be but one member of a family of myogenic genes, which also includes myogenin (3, 4) and . Each can initiate myogenesis in a transfection assay, and their products share one very similar protein sequence that is also characteristic of a larger, extended family of nuclear proteins that includes the myc family, Drosophila achaetescute complex products and immunoglobulin enhancerbinding proteins (1, 6 Fig. 2A . There are no other extended regions of amino acid similarity shared by all four molecules, but there are many scattered spans of homology shared by herculin and only one or two ofthe other myogenic molecules, the most unusual being a stretch between amino acid residues 214 and 229. In this region, the herculin protein sequence is similar to MyoD and Myf-5 but not to myogenin. However, the corresponding nucleic acid sequence reveals a striking homology shared by all four. This can be explained by a difference in reading frame caused by the apparent deletion of a base from myogenin relative to the other three. The surprising apparent conservation of 48 nucleotides of myogenin DNA following a frameshifting event may suggest that this was a relatively recent occurrence or that there is some independent selective pressure for conservation of this sequence in DNA or in RNA.
Expression of Herculin Is Confined to Skeletal Muscle in an Adult Mouse. Fig. 3 shows the result of a RNase protection experiment designed to detect herculin transcripts in the indicated adult mouse tissues. By this sensitive assay, expression of herculin was confined to skeletal muscle; no transcripts were detected in smooth muscle or cardiac muscle or in other tissues. This pattern is not surprising, since MyoD and myogenin are also exclusively expressed in skeletal muscle. However, Myf-5, the nearby chromosomal neighbor of the herculin gene, is reported to be expressed in both skeletal and smooth muscle (5) . This indicates that despite their proximity in the genome, the genes for herculin and Myf-5 must be subject to independent regulation, at least in the context of smooth muscle. However, coregulation in 
GCAGTf*(2GAGAC-GAACACG-TTCTGGCTC-CCwCAC-GCCTCAGCTCCC-CAC-TC-CCCTC-CCAG-TGTCTGA'-"CTGG,--CK TGMSCAAGAITGCAAGAGAAAATCTGCCCCCACAGATCGTCGGAAAGC TACCCTZGCGA 420 skeletal muscle by one or more shared cis-acting elements is possible, since both genes are expressed there.
Herculin Is Myogenic in NIH 3T3 and C3H/1OT'/2 Cell Backgrounds. To determine whether the sequence similarities between herculin and the other MyoD-related molecules reflect functional similarities, the 1.7-kb Sal I-Xba I fragment of the herculin gene, which contains the entire putative coding region, was inserted into the expression vector pECE (13) . pECE contains a polylinker flanked by the simian virus 40 early promoter and the tumor antigen polyadenylylation signal sequence. The resulting plasmid, pSVhrc, was transfected by calcium phosphate coprecipitation into NIH 3T3 and C3H/1OT'/2 cells together with a selectable marker. which the herculin vector induced myogenic cells was approximately the same as that of an analogous MyoD vector in a parallel experiment. Transfection with the pECE vector alone did not produce any myogenic cells.
An interesting and potentially important property of MyoD is that it can, in some recipient cells, activate expression of endogenous MyoD, demonstrating a positive autoregulatory pathway (14) . We asked whether cells stably transfected with herculin similarly activated the endogenous herculin gene or any of the other cloned myogenic regulatory genes. Stable herculin-transfected NIH 3T3 cells were pooled and cultured under conditions that promoted either proliferation (12.5% serum) or differentiation (2% serum for 3 days). Total cellular RNA was extracted and analyzed by RNase protection assays for expression of herculin, myogenin, and MyoD (Fig.  4) . Myogenin was activated by herculin but only under differentiation conditions; this is a pattern consistent with myogenin's behavior in other myogenic cell lines (Fig. 4B) , where it is always expressed upon differentiation. The MyoD and herculin probes are designed to distinguish between endogenous transcripts and those derived from the transfected constructs. The data in Fig. 4C demonstrate that exogenous herculin activates endogenous MyoD in NIH 3T3 cells, and this activation is most pronounced in cells that have differentiated. The results in Fig. 4A show that herculin transformation of NIH 3T3 cells can also activate expression of the endogenous herculin gene, and preliminary experiments suggest a low-level activation of Myf-S in these cells as well (J.H.M., unpublished observations). We conclude that herculin can act as a powerful member of the myogenic regulatory network. Its capacity to activate, either directly or indirectly, MyoD, myogenin, endogenous herculin, and Myf-5 argues for a potentially complex network of interactions involving the MyoD family members. It is clear that host-cell characteristics also play a significant role in defining the Developmental Biology: Miner and Wold MM14 cells were grown and differentiated as in ref. 15. network. In the NIH 3T3 cells studied here, MyoD transfection activates myogenin expression but fails to activate herculin (Fig. 4A) , Myf-S (data not shown) or endogenous MyoD (Fig. 4C) . By contrast, in C3H/10T/2 cells, exogenous MyoD does activate its endogenous counterpart (14) . There Expression of Herculin in Vivo Is High Compared with MyoD, Myogenin, and Myf-S. To begin to compare herculin expression in the animal with its activity in cell culture, we measured the relative levels of expression of muscle regulatory genes in adult skeletal muscle by RNase protection assays (Fig. 5 ) using riboprobes for myogenin and Myf-5 (lane 1), herculin (lane 2), and MyoD (lane 3). Probes were synthesized such that the nuclease-protected probe fragments for each of the four had identical specific activities on a molar basis. Thus, the intensity of each band is proportional to its relative abundance in total RNA from adult skeletal muscle. It is evident that herculin RNA is by far the most prevalent.
Because herculin is the most abundant of the four known myogenic molecules in this tissue, it seems likely that it plays a significant role in the maintenance of the skeletal muscle phenotype in adults. However, it remains to be determined whether herculin is globally expressed in all mature adult skeletal muscle or is restricted to a specific subset of muscle cell types or physiological states. The possibility that herculin is differentially expressed among different muscle cell populations is part of the more general question concerning the roles played by each MyoD family member in muscle tissue and its developmental precursors. Lineage studies suggest that there are different precursor myoblast populations in developing muscle that give rise to distinct muscle fiber types (9) . It seems likely that the ultimate differentiated phenotype ofthese species of skeletal myocytes may be dictated, at least in part, by their patterns of expression of MyoD, myogenin, Myf-5, herculin, and perhaps Myd (18) and ski (19) Fig. 1 ). The other probes were as described in the legends to Figs. 3 and 4. Proc. Natl. Acad. Sci. USA 87 (1990) C--0 O patterns of expression coincident with two different types of muscle, myotomal and limb. They also reported the presence of determined myoblasts in the limb bud that expressed no detectable MyoD or myogenin, though some of these myoblasts did express detectable levels after 4 or 5 days in culture. Were these myoblasts initially determined by expression ofa different myogenic molecule, such as herculin, Myd, or Myf-5, which later activated expression of MyoD and myogenin? Such a temporal sequence of expression of these molecules during development might arise from the circuitry and changing host-cell influences identified in our cell culture experiments. This regulatory history could then lead to a final set of regulators that governs the functional identity of a mature myocyte.
